Abstract Quaternary polymer electrolyte (PE) based on poly(acrylonitrile) (PAN), 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid (EMImBF 4 ), sulfolane (TMS) and lithium hexafluorophosphate salt (LiPF 6 ) (PAN-EMImBF 4 -sulfolane-LIPF 6 ) was prepared by the casting technique. Obtained PE films of ca. 0.2-0.3 mm in thickness showed good mechanical properties. They were examined using scanning electron microscopy (SEM), thermogravimetry (TGA, DSC), the flammability test, electrochemical impedance spectroscopy (EIS) and galvanostatic charging/discharging. SEM images revealed a structure consisting of a polymer network (PAN) and space probably occupied by the liquid phase (LiPF 6 + EMImBF 4 + sulfolane). The polymer electrolyte in contact with an outer flame source did not ignite; it rather underwent decomposition without the formation of flammable products. Room temperature specific conductivity was ca. 2.5 mS cm ).
Introduction
Lithium-ion batteries, because of their high gravimetric and volumetric energies, are widely used in portable electronic devices (laptops, tablet PCs, smart-phones). They commonly contain liquid electrolytes based on lithium salts and organic volatile solvents [1] [2] [3] . Because of the safety hazard associated with the flammable nature of organic liquid electrolytes, widespread use of LIBs in hybrid electric vehicles (HEVs) and electric-load levelling systems combined with renewable energy plants (REPs) is difficult. Using ionic liquid (ILs) as components of the electrolyte (solvent for the lithium salt or an additive to the electrolyte) increases battery safety level. Such compounds, in addition to being non-volatile and nonflammable, also exhibit good conductivity, high chemical and thermal stability [4] [5] [6] [7] . The use of a polymer electrolyte (PE) eliminates the danger of leakage of liquid electrolyte. PEs have been extensively studied and described in the literature [8] [9] [10] [11] [12] [13] [14] . In turn, the inclusion of an ionic liquid into the polymer electrolyte provides additional benefits (apart from safety). Namely, polymer electrolytes based on a polymer matrix and an ionic liquid represent an attractive solution, since they combine mechanical and chemical stability of the polymer component with the intrinsic non-flammable nature as well as high thermal stability. Various polymers such as PEO [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , homo-and co-polymers of poly(vinylidene fluoride) (PVdF) [25] [26] [27] [28] [29] [30] [31] [32] [33] and poly(acrylonitrile) [34] [35] [36] [37] have been used to prepare polymer electrolytes containing an ionic liquid and have been studied over the last few years. Another interesting is connected with poly(ionic liquids) (PILs), because of their acceptable ionic conductivity and good mechanical strength [38] [39] [40] . Different plasticizers are added in order to lower the glass transition temperature of the host polymer and therefore improve ionic conductivity, as well as increase flexibility of the polymer electrolyte. Various types of additives may be used as polymer electrolyte plasticizers, e.g. ionic liquids, monomer/oligomer units of the polymer and organic solvents (e.g. sulfolane) [14] . The general aim of the present study was to prepare a new, quaternary polymer electrolyte based on poly(acrylonitrile) polymer (PAN), lithium hexafluorophosphate salt (LiPF 6 ), sulfolane (TMS) and 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid (EMImBF 4 ). The PAN-EMImBF 4 -TMS-LIPF 6 polymer electrolyte system was characterized in terms of its ionic conductivity and thermal stability. Electrochemical properties of the polymer electrolyte were tested using Li metal and graphite (C 6 Li) electrodes.
Experimental Materials
Graphite (G, SL-20, BET surface area 6.0 m 2 g −1
, Superior Graphite, USA), carbon black (CB, Fluka), poly(acrylonitrile) (PAN, M W = 150,000, Aldrich), poly(vinylidene fluoride) (PVdF, M W = 180,000 Fluka), vinylene carbonate (VC, Aldrich), sulfolane (TMS, Fluka), N-methyl-2-pyrrolidinone (NMP, Fluka), dimethylformamide (DMF, Aldrich), lithium hexafluorophosphate (LiPF 6 , Aldrich) and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMImBF 4 , Aldrich) were used as received. PE was prepared by the casting technique. First, the polymer (PAN) was swollen in DMF at 50°C. Then, the previously prepared solution of lithium salt in a mixture of 1-ethyl-3-methylimidazolium tetrafluoroborate and sulfolane (EMImBF 4 : TMS (70: 30)) was added to the PAN dimethylformamide solution. The resulting viscous solution was cast onto a glass plate and was subjected to the slow drying process (in the stream of dry argon, first at room temperature, then at 60°C and finally at reduced pressure). It usually took 4-5 days; the composition of the system was monitored by weight (with an accuracy of 10 −4 g). If the weight of non-volatile components was achieved, this suggested that DMF was completely removed. Finally, free-standing, optically homogeneous and transparent membranes were obtained, with composition of ca. 12 wt% of the polymer (PAN), ca. 6 wt% of lithium salt (LiPF 6 ), ca. 57 wt% of ionic liquid (EMImBF 4 ) and ca. 24 wt% of sulfolane as a plasticizer. PEs were soaked with two drops (ca. 2.5 mg) of vinylene carbonate (VC, 5-7 wt%) before cell assembly. After the addition of vinylene carbonate to the polymer electrolyte, the membrane was left for 2 h. Tested anodes were prepared on a copper foil (Hohsen, Japan) from a slurry of graphite (G), carbon black (CB) and PVdF in NMP.
The ratio of components was G/CB/PVdF = 85:5:10 (by weight). After vacuum evaporation of the solvent (NMP) at 120°C, electrodes typically contained 3.5-4.2 mg of graphite. A round-shaped lithium electrode (Aldrich, 0.75 mm thick) was used as the counter and reference electrode. 
Procedure and measurements
Conductivity of PEs, sandwiched between two gold blocking electrodes, was measured in an adopted Swagelok® connecting tube placed in an air thermostat. Impedance spectra were recorded between 1 Hz and 10 kHz at the amplitude of 10 mV. Electrochemical impedance spectroscopy (EIS) was performed with the use of the G750 Potentiostat/Galvanostat Measurements System (Gamry, USA) at different temperatures. The decomposition temperature of the polymer electrolyte was investigated by thermal gravimetry TG-DTA (Setsys 1200 analyser Setaram Instrumentation, France), recording weight loss from 20 up to 500°C at 2°C min
. Flame tests were based on direct observation of electrolyte ignition and burning. Flame test of the 'classical' liquid electrolyte (1 M LiPF 6 solution in EC + DMC) was performed by soaking a glass fibre separator (GF/A, Whatman) with the electrolyte. Then, the separator with the liquid electrolyte or a strip of polymer electrolyte was exposed to a gas burner and flame propagation was observed. Scanning electron microscopy (SEM) of polymer electrolytes and electrodes was performed with the Tescan Vega 5153 apparatus. Li/PE/LI and LiC 6 /PE/Li cells were prepared by sandwiching the polymer electrolyte films between two lithium metal foils or lithium foil and the graphite anode in an adapted 0.5″ Swagelok® connecting tube. Cells were assembled in a dry argon atmosphere in a glove box. The electrochemical characteristic of the LiC 6 /PE/Li cells was investigated using electrochemical impedance spectroscopy (EIS) and galvanostatic charging/discharging tests. Galvanostatic measurements were taken with the use of the ATLAS 0461 MBI multichannel electrochemical system (Atlas-Solich, Poland). Constant current charging/discharging cycles for the LiC 6 /PE/Li cell were conducted between 2.5 and 0.005 V versus the lithium reference.
Results and discussion
Polymer electrolyte morphology PAN + LIPF 6 + EMImBF 4 + TMS polymer electrolyte was obtained as a transparent, flexible membrane of ca. 0.2 -0.3 mm in thickness (Fig. 1a) . A SEM image of PE cross section taken at 1000× magnification (Fig. 1b) reveals a structure consisting of the polymer network (PAN) and space probably occupied by the liquid phase (LiPF 6 + EMImBF 4 + TMS). Surface of the PE was not perfectly even, as evidenced by a SEM image taken at a 5000× magnification (Fig. 1c) . The surface seems to be covered, at least partially, by a solid (PAN or PAN and LIPF 6 ) arrayed in one direction.
Thermal stability and flammability
One of the main drawbacks of 'classical' electrolytes based on cyclic carbonates is their relatively high vapour pressure and flammability. Figure 2 shows a flame test of the glass fibre separator soaked with 1 M LiPF 6 solution in the mixture of EC + DMC (1:1). It may be seen that after ignition of the system with an outer flame source (Fig. 2a) , the electrolyte burns away (Fig. 2b) completely (Fig. 2c) . In contrast, the PE in contact with an outer flame source did not burn with visible flame; it rather undergoes softening (Fig. 3b, c) . This indicates that decomposition of the PE does not result in the formation of flammable products. On the other hand, PE shows two peaks on the heat flow curve, one at ca. 280°C and the second at ca. 430°C. The pure LiPF 6 salt decomposition path is a dissociation producing gaseous PF 5 [41] . This suggests that at increased temperatures, the gaseous phase above the liquid electrolyte contains flammable component. The natural flammability of standard LIB carbonate-based electrolytes generates a fire risk, which may arise under abnormal abuse conditions. Fire tests suggest that the risk of thermal run-away may be much lower in the case of the PE.
Conductivity
Specific conductivity of the PE was investigated with the use of impedance spectroscopy with blocking Au|PE + VC|Au golden electrodes (Fig. 6a) Arrhenius plot indicates activation energy of 9.0 kJ mol −1 for the conduction process ( (Fig. 6b) . These values may be compared with literature data on polymer and gel-type polymer electrolytes. The most popular host polymer is poly(ethylene oxide). Without addition of any plasticizer, solvent-free polymer electrolytes, including those based on PEO, show unacceptably low conductivity typically of the order of 10 −8 mS cm −1 at room temperature [42] . Therefore, gel-type systems with a liquid component as a plasticizer were investigated, including non-volatile ionic liquids. Such a plasticizer (IL up to 40 wt.%) increases conductivity by ca. 7 orders of magnitude to ca. 0.1 mS cm −1 [18-20, 43, 44] . Another frequently studied host polymer was PVdF or its co-polymer with HFP: PVdF-co-HFP. In this case, the conductivity of the system polymer-IL-Li + salt was amounted to ca. 1-4 mS cm −1 [26, 28, 31 ]. Activation energy is usually reported to be ca. 5-25 kJ mol −1 [31, 45, 46] . However, some polymer electrolytes
show not the Arrhenius, but rather VTF type of behaviour [46] .
Li/Li + charge transfer kinetics Figure 7a shows impedance spectra of the Li/PE/Li system before and after galvanostatic charging/discharging. It may be seen that charging/discharging processes resulted in increased impedance, probably due to the formation of a passivation layer. However, if the surface of the polymer electrolyte was covered with liquid VC (ca. 5 wt% versus mass of PE), the impedance of the Li/PE + VC/Li system taken before galvanostatic cycling (Fig. 7b) was lower in comparison to that shown in Fig. 7a . Moreover, galvanostatic cycling led to an almost twofold reduction of total impedance. This was due to the formation of SEI induced by the VC additive, which was converted into a conducting protective layer. In flammability tests, the PE with the VC after galvanostatic cycling showed similarity to that without the additive. This suggests that liquid VC was converted into a nonflammable solid phase (SEI) during cycling. Moreover, the interfacial resistance is improved by liquids contained by the gel-type PE. Deconvolution of impedance spectra shown in Fig. 7b was performed according to an equivalent circuit shown in Fig. 7c . Estimated SEI and charge transfer resistances (R SEI and R ct , respectively) before cycling amounted to R SEI ≈ 30 Ω and R ct ≈ 30 Ω. Galvanostatic cycling resulted in a decrease of these values to ca. 15 Ω. The charge transfer process takes place between a solid SEI layer and a solid Li electrode-in this case, the formation of the new layer also led to the reduction of resistance.
C 6 Li/Li + charge transfer kinetics Figure 8 shows impedance spectra of the graphite electrode after its intercalation with lithium, taken at different temperatures (25-55°C). Spectra were deconvoluted using the same equivalent circuit as in the case of the metallic lithium anode.
Charge transfer resistance of the C 6 Li → Li + + e − was estimated to be ca. 48 Ω at 25°C, somewhat higher, in comparison to the Li → Li + + e − process (15 Ω). A graphite anode may be used in practical systems, and hence, the activation energy was determined from Arrhenius plots (Fig. 9 ). The ln(R ct ) = f(T . This value is comparable to that determined for the C 6 Li anode working together with a liquid LiPF 6 solution in propylene carbonate (71.1 kJ mol −1 ) [47] . Compatibility of the PE with the graphite electrode was also verified using galvanostatic charging/discharging. Voltage-capacity plots of the C 6 Li|PE + VC|Li cell using a polymer electrolyte with 5.5 wt% VC at different current densities (20, 50 , and 100 mA g capacity stabilized at ca. 350 mAh g .
The compatibility of the polymer electrolyte with the graphite anode suggests that the PE may be practically used in Li-ion batteries.
